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L/L ABSTRACT
N -131%

An analysis of a d.c. feedback picoammeter is presented. The
circuit uses an insulated gate field-effect transistor input as a solution
to the limitations associated with the electrometer vacuum tubes which
are presently used. The factors which affect frequency response, open
loop voltage gain, and temperature dependence are determined, and
methods are found for increasing response speed and for minimizing
drift. Based on the above, a practical circuit is designed and evaliuated

experimentally.



CHAPTER I |

INTRODUCTION

1.1 Small Current Measurement

Devices for very small current measurement find wide
application in rocket and satellite experiments employing trans-
ducers such as ion chambers, photomultiplier tubes, proportional
counters, and ionization gauges. The output of these devices falls
into the range of 10_7 to 10—14 amperes and requires considerable
amplification to operate the input of a telemetry system. The
two basic types of current or voltage amplifiers most suited are
the D.C. electrometer amplifier, and the capacitor modulated
A.C. amplifier. With respect to the latter, semiconductor and
mechanical modulators do not possess the stability or low noise
figure required. In addition, the vibrating reed capacitor
modulator is frequently impractical because of its large size,
its power requirements, and complexity of the circuits required.
The D.C. electrometer amplifier, consequently, is usually the
most attractive choice for rocket-born applications.

1.2 QOrigin and General Description of the Problem

The basic feedback electrometer, as first described by
Peichowitch and Zaalberg VanZelst (1952) is well known and
consists of a high negative gain D.C. amplifier with a shunt
feedback resistance, Rf, connected between output and input
terminals. If the amplifier input current is small compared to

the current to be measured, and the voltage gain large compared
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to unity, then the output voltage is given by
Eo™ ~LinR¢

Until recently, electrometer vacuum tubes were the only devices

suitable for use in the amplifier input circuit. Since they are

directly heated, it is difficult to obtain the usual low drift

advantages of a differential configuration, and they are also

microphonic. An insulated gate transistor input stage appears

to be the solution of these drawbacks. In addition, insulated

gate transistors yield higher ultimate sensitivity and lower power

requirements, and promise lower noise levels and temperature

drift.

1.3 Specific Statement of the Problem

1.31 To analyze the voltage gain of a D.C. electrometer
amplifier using an insulated gate field-effect transistor balanced
input stage, followed also by balanced conventional transistor
stages.

1.32 To analyze the temperature dependence of the circuit.
1.33 To analyze the response speed of the system, used with
feedback.

1.34 To design a circuit to give good performance with respect
to low drift, reasonable response speed, and adequately high
open loop voltage gain, and stable closed loop operation.

1.35 To evaluate the overall performance by comparing
measured and calculated values, and by comparing with the
performance of presently used electrometers, in the case of

quantities not easily calculated.
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CHAPTER II

VOLTAGE GAIN ANALYSIS

Description of the Circuit

2.1 The general form of the feedback electrometer is shown
in Figure 1. The differential input configuration is necessary
for low drift operation. The balanced second stage allows a
high impedance connection to the FET's to minimize the effects
of second stage drift on the input stage while still allowing a
fairly high gain. The third stage provides the additional gain
necessary fer accurate, stable operation. Its balanced form
minimizes any additional drift which may be contributed by this
stage, although in less critical applications an unbalanced stage
may be satisfactory. The emitter-follower stage provides low
output impedance and reduces the effects of reactive loads on
stability and response time.

The open loop veltage gain is determined for the circuit
as shown in Figure 2, withcut feedback and with a signal source
inserted.

The simplified Gizcoletto hybrid-pi circuit model as
shown in Figure 3b is used as a circuit equivalent for the
junction transisters. The parameters are directly related to the
D.C. bias currents and are well suited to the following analysis.
A similar simplified model, shown in Figure 3a, is used for
the insulated gate field effect transistors, and is described in

Appendix A. 1.



2.2 Voltage Gain of the Field-Effect Differential Input Circuit

The following voltage gain quantities are defined for the

FET input stage:

A _ Eda
va E.
ia
A . b
vb Eib
Eda Edb
A b=
va E.

From 3a, summing currents at the drain nodes

E E, -E
R‘,ia y—da s L. g -
DA ria ma—a
and
Eap  Fap By )
R! + T + gmbEb =0
DB db
where
Eb - _Es

E_ =E. -E

a in s
solving for Eda and Edb
_ Es(l+rdagma) B Einrdagma) ,
E = R
da r o+ R DA
da DA
i
e - B +r gy n!R'pp
db - r.. +R'
db DB

(4)

(8)




At the source node,

ES Es_Edb Es_Eda
—t———tg E 4+——t+g E_ =0
R r mb b r ma  a

s db da

solving for E <’

gmaeraEin
1
E_ = T3a "R DA
1 . I+g T3 l+gmbrdh
] 1
Ry Taa™®pa Ta™R'DB
r, +R' r., +R'
and if R_> 52 DA , _db DB
grna da g b db
then
E ~ gma da"in
s rda+R'DA
1+¢g T + (1 +g r..)
ma da rdb+R DB mb db

Substituting equation (13) into (8) and (1),

- ]
8maTda® DA

va 1+rdagma
r. +R' + (r . +R' )
da DA T THr g db DB
Substituting equation (13) into (9) and (2),
1
A €ma’da® DB
vb 1+rdagma
) — 2 ma )
Taa * RpA tTor g ap T R pE!
Substituting (14) and (15) into (3),
t 1
A “28 na"da'R'pa * R'pp)
vab HT 428 ma
1 —_— f
Taa T R'pa * 137 (g, * Rpp)

db®mb

(10)

(11)

(12)

(13)

(14)

(15)

(16)



2.3 Voltage Gain of the Second Differential Stage

For the differential second stage the following gain

quantities are defined:

E
A _ cl
vl Eda - Edb
A _ ECZ___
v B - Eg
E , -E
_cl c2 _
AVIZ ‘Eda—Edb"Avl 'sz

From Figure 3b,

E

E

2™ Bm2Vprez

- _ ' -
cl ~ gleb'elR Cl

R

EmilpiThlel

I

I = -
c2” "Bm2'p2

!
RCI

]
Thre2R G2

Summing voltage drops around the base-emitter loops,

E

(1+gmlvb'e1)‘|

da =~ 2RE1 * 80T e2) H 1) |:rbb'1+rb'el+RE1

Ew = b2 Ebb'2+rb'e2+RE1(1+gm2rb'e2)]+ I1Res

(l+gmlrb'el)

Solving for IbZ )

1 . =

Eaa Edbt +g

bb'l + rb'el

ml

rb'el

)R

A

r +r

b'2

and, if REI >>

pez T (Fppre1)

Tob'1 T Tple

l +¢g

mlib'el

l+¢g

m2b'e2t Rpp "bb'2 T bre2)

and

Thh'2 ¥ Thle2

I +¢g

m2 b'e2

(18)

(19)

(24)

(25)




-E + E

d db
L, ~ — (26)
g T
T +r + mZ b'ez (r +r )
i ! 1 1
bb'2 b'e2 l+gmlrb'e1 bb'l "“b'el
similarly,
. Eaa " Eap
b1 T+g .r
ml b'el
r,,,+r, .+ (r,y otr, ) (27)
bb'l b'el "1 t 82 Thle2 bb'2 "b'e2
Substituting equation (27) into (20) and (17),
- 1
A Em1™ye1R 1 (28)
vl L Emi'blel
r,.,; +t1r + (ri 41 5)
bb'l b'el 1+gm2rb'e2 bb'2 "b'e2
Substituting equation (26) into (21) and (18),
1
A, Emz2"bre2R ca
1 +¢g r
m2 b'e2,
bb'2 T Thle2 TTT g .7, Tbb' 1t hrel) (29)
ml b'el
Finally. substituting (28) and (29) into (19),
t
A . Emi'plelR C1
vl12 l+g .r ,
r +r + m! b el(r +r )
t ] 1 !
bb'l b'el "1 +gm2Vb'e2 bb'2 "b'e2
!
N Em2Tple2R 2
r +r +j i Zrb'eZ,r +r., ) (30)
bb'2 b'le2 "1 +g .r , ;" bb'l "blel
ml b'el
2.4 Vokage Gain of the Differential Third Stage
For the differential third stage, the voltage gain is
defined as
Ec3
A3 ETTES (31)



From Figure 4a,
- _ '
c3” Bm3Vpre3R'cs

= “8m3lh3Tpe3R o3 (32)

Summing voltage drops around the base-emitter loops,

as in part 2.3,
Eor = TpaRpa(148maTpred) * Ib3I}bb'3+rb'e3+RE2(1+gm3rb'e3)] (33)

E 271 l-r_bb'4+rb'e4+REZ(l+gm4rb'e4ﬂ thy3RE, (14 3Ty 03) (34)

Solving for Ib3’
r ., tr,
“E _ +E 1 4+ bb'4 b'e4

_ c2 cl (1 + gm4rb'e4)RE2
. d
1
l4g . r +. (r +r )
m3 b'e3 R bb'3 "b'e3 35
"bb'3 Th1e3 Tpbra T red) e (35)
m4 b'e4
As before,
r.,.,tr, r, .., t .,
If Ry, > oot _bed g _bb3 bl (36)
EmaThled Em3 b'e3
E - E
I A~ lcl cl (37)
b3 * Bm3Tbles
Tob'3 T Tpte3 YT g ¢ (Tpp 14t Threq)
m4 - b'e4
Substituting (37) into (32) and (31)
_ !
A = Em3"pre3® ¢3 (38)
v3 1 +g ,r
m3 b'e3
"ob'3 T Th'e3 T T g .t . "bb'aThred)
Em4Tbled
2.5 Voltage Gain of the Common-Collector Qutput Stage
The voltage gain of the common- collector stage may be
E
. __o 3
defined as A4 =E (39)

c3




From

E

Ec3 =

AV4 =

2.6

From

Figure 4b,

o = RplIpstesViies) = RiL o(l+g o7y s)

Ls(TypistTyies) + Eg

- Ib5[rbb'5+rb'e5+RL(1+gm5rb'e5)]

Substituting (41) and (40) into (39),

Ry (148 5Ty ics5)

br + R_(14+g

Tob's P Tpres T R o7 i)

Open-Loop Voltage Gain

The total voltage gain is defined in Figure 2 as
E
_ "o
Av TE.
ia

equations (3), (19), (31), and(39),

Av = AVABAVIZAV3AV4

_ ] '
Zgmarda(R DA + R DB)
l+r, g
da®ma

r. + R' + (r, +R' )

da DA 1+ T b8 MB da DB
L
— !

_gmlrb'elR Cl
L4822

r ., t T, + (ry gt )
bb'l b'el l+gmlrb'el bb'l "b'el

-ngrb'eZRC'Z
\ s s 1+ 8m2Tpre2
bb'2 b'el 1 t€m1Thlel

T

(rypr1tThiel)

(40)

(41)

(43)

(44)
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- ]
Em3Tb'e3R C3 Rp(4g 5Ty ie5)

1+gm3rb'e3
P L tr T
bb'3 "b'e3 1+gm4rb'e4

Since, for all of the junction transistors:

kT B
r,, =—— g = — , l+g_r , =148
b'e qIB m Thie m b'e

For the field effect transistors:

€m =\I 2 ﬁablab

e W C pn
Where BAB = EXT:X = 0)2{ Q a5 defined

L

by Hofstein and Heiman (1963).

1 I 1
: -
R'ha  Rpa gt k;f
g
B U N ]
-
R'bs  Rps KT
w2 1ol
g2
1 1 ]
- = +
R'-1 Rg KT
w3 Tql
B3
1 1 1
T = +
Rlcz Ree L kT
b4 qI]34
1 ] ]
_— = +
R' R
c3 C3 KT
rgt ol + RL(1+BS)

B5

The individual stage gains may now be written

TobtatThtea)| | Tob 15T 65 TR LIHE 5T 165

(45)

(51)
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vab kT kT
RDA(qIB1+rbb'1) Ly Rpelqigst Thb2)
Tgat T T, |Tab” T
R, +—=—+r ., R__+—=— +r
DA qIB1 bb'l DB qIBZ bb'2
kT NN
RDA(l‘iIT— Trppin) Rpp G , trpiz)
% alp + B (54)
kT kT
RDA+qIB1+rbb'1 RDB’qI > ob'2
T
BRI @I b3
KT
R +r. .,
c1t qlg, bb'3
A ~
viz . X KT 1+ BZ " kT)
, =L
bb'l 7 qly 1+L31 pb'2t alg,
kT
ﬁZRCZ(qI * Typig)
KT
R + + .,
C2"qlg, ' "bb'4
T b2 +k1L +1“+ﬁz( w1 +£};) (55)
TB2 148 4'B1
L KT
PR3 (s to 15 RLPSTY)
A L, (56)
v34 kT 1”3 KT kT
L, + \r . )R ,+——+R (B.+1)
bb'3 " qlg, 1+L3 bb'4 qIB4 AN alg; LS5
~ Ry (14B;)
A ~ (57)
v5 TLnis 4T Ry (14B;)
4'ps
Several valid assumptions may be made to simplify the
gain expressions:
kT kT
—_— —_— >
aip1l .~ Tbb'l algs . Tpb'2 (58)
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kT

5 Ty (59)
bb'5 qIB5

R 5 << Ry (14B5) (60)

R +1)>>r

LPs

Of particular interest is the case of equal drain and
emitter currents in the balanced pairs, since this condition
minimizes drift in the differential configuration. This is
particularly important in the input and second stages, and for
this reason balanced currents will be assumed. In addition,
it will be assumed that the transistor pairs are selected for
similar Beta's, and that symmetrical resistor values are used.

With the above approximations, the gain expressions

reduce to:

[ -1 [ kT
“2p 2Rpagt
A, a = — " 'Bl (61)
va kT
2R, =4 kT _
| DA alg; | | ®pa *qrg)
Tqa TTap * KT
RDA + I —J
L q BlJ L
KT
_ZﬁlRCI‘El_IB3+rbb'3>
kT
A~ Rea +_IB3+rbb'3 (62)
v12
L kT
alg;
-ﬁ R
A Py 37°C3 (63)
v34
Tob'3 T Tppa T 2 krf
g3
A
Av5 ~1
. o ~
Provided, InA InB ﬁA BB




-13-

Ipp = 1g, B = B
3 %= Ipy Py = By
and
Rpa™ Bpp' Rgi "Repr Res™ Ry (64)
From Figure 2
Lonr 4 Jestcy)RE, + Vpgs (65)
Ccl B3 R
\Cl
L oaer (Ic1*lc2)Rg) + VRE] 66)
DI Bl R (
DI
IC3xV1/R3 (67)
Substituting equations (65), (66), (67) into equations (61)
(62), and (63),
1/2
2be VBE1+ V1 (1_+2R BE3 (1
A~ Al Rpa \R3\B; 7 RC [ Ry JIB Ry (68)
vaB ™ \% 2R % '
1? S S q (R1[3+RE2 BEZ)
da DA BkT\73[3 “cl Cl
Wl R ]
- +2R__+V
R B E2 BE3
~_| TCc3 "3
A (69)
ReiVi o xr
R..B, |
c3"s 9 ]
_qV
A= 1
v 2kT

neglecting r

bb'3 and rbb'4'

(70)
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The complete gain expression as a function of D.C

quantities only is
Vel |Y11 2RE BEW 1/2
-2 ZﬁA R + \B +R } _l
A = DA Cl Cl
v
1,2 l: } BE3)
Faa  Bpa BlkT B Rai
[V, R
1 ~Cl
R_3 %——3 + ZREZ) + VBEJ
R V) i
kT{2kT
B, Tqlav
C3 1
2.7 OQOutput Impedance
From Figure 1, if Ri” >>> RF’ and if
R'O = output impedance without feedback, then
E +A E
I =~ @] v C (72)
o R'
o
and
E0 R'O
T " Rox=T3a (73)
o v
For the commoen-collector stage without external
feedback, the output impedance is given by
Bes
U 74
Rlo =48 (74)
5
Consequently, for any RF << Rin’ the output impedance
is decreased by the magmtude of the total gain A
(75)

~ Res
Ro™ (T1Bg)A




2

.8

-15-

Input Impedance

From Figure 1,

V. -V
_ _in o , _in
in R RG
f
v -A (V. )
o v' in
I = V., +
in in Rf RG
3
RG >> Rf

Vin - R Rf

. in A +1
mn v

That is, the effective value of the measuring resistor

is reduced by the voltage gain.

(76)
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CHAPTER III

DRIFT RATE ANALYSIS

The output voltage level of the feedback electrometer is
a function of the temperature and the bias conditions of the
transistors. It is generally useful to express this dependance,
known as drift, as the equivalent correction voltage at the input
required to restore the output voltage level to zero. The
drift rate referred to the input is the rate of change of the
input drift voltage with respect to temperature.

It is well known that in multistage feedback amplifier
circuits, the total noise and drift are contributed primarily by
the first stage and, to a lesser degree, the second stage.

In the following analysis the effect of the contributions
from the first three stages will be accounted for, while the
fourth or common collector stage is neglected.

3.1 Drift-Rate Derivation

Figure 6 illustrates the amplifier with the hypothetical
input voltage generator, Vin whose magnitude is that input
voltage which exactly cancels the total output drift due to
variations in transistor parameters. Therefore, Eo = 0 and
is constant.

Adding voltage drops around the gate-source legs of TA
and T in Figure 2,

B

V... =V -V -V (79)
IN GS, B
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Since the effective gate-source voltage,

% = V.o -V

EFF .~ 'Gs " VT
Ve =V =V +V -V
INT VA " VT T Vasag o T VasBL o
_ B 2
Ip =2 VErr

AY2 =V -V + (.%LDA)I/Z - (Z_ID;B.)I/Z

IN TA TB Ba Py
Vin _%Vra %Vrm . (ZIDA)l/Z 4 9pa Ipa %Ba
9T 8T 9T B B, 8T 20T’

A A B,
) (ZIDB)I/Z & ps ’pp SBB)
By By 9T By oT
Lol 4 (g *lg) Rp 1+ Veg
pa - Ip1
Rpa

9pa _Ic1 9B L1 %a °VpEl , °VBEI
3T , 8T tB,aT TRy, |oT BT,

By

i 2a la 351) .2El 2El, XE2

B, 8T p 2 o7 Rp, OT ' aT

Similarly
Ipp _ ez %% 1 ez 1 |%Vema |
9T 2 9T *[32 9T Rpp | 8T

P,

. 2VBE? L 9c, e 8‘37_) I = WA ) Wy
8T, B, o7 5 29T |" R

(84)
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51 + 1
Ip, = B Icq (88)
BZ + 1
IEzz—————ﬁl ICZ (89)
ol _ 81, _ Iy aﬁl‘lpl +1 00,
8T ~I_aT ~B,(B,+1) 8T | B,
blg, [01c, I, ZBZ:\BZ +1 o)
8T | 8T ~B,B,+1) 8T | B,
(Ig3 * lg4)RE, + VRE3
I =1 + (92)
c1~ ‘Bl -
cl
01y 1 Ples c:3ap L l_aVBE3+ c3 9P3 R (ﬂmf_lc_z}_) (93)
8T PB,|0T P BT|™R oT 2 aT E2'aT T 8T
3 Ccl 63 A
Similarly,
¥lca 1 aIc:4:_1c4taﬁ4—| 1 BE4 g 8‘34 ilm+31c4)_| (94)
9T Byl 8T ~ B, BTJ R 4 Re BT *3T _]

Since the drift effects of the output stage are negligible, and

E 1is constant, then V is also constant and
o C3
ol
_C3 _
s = 0 (95)
While this is not true of IC4 and VC4’ a more reasonable
assumption concerning IC3 is that
- A/
Ig34 = Igps +Ig, > Constant (96)
= 7‘.
Ipag IB3(B3+1) + IB4(B4+1) 97,

assuming low leakage silicon transistors for which Ico is

negligible.
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a1 I.. 8B, ol 1., 9p
0y, c3 9P B4 . ca %P4
0 =57  (B3+1) +B3 aT Tar  (Bytl) 4 B, oT (98)
91
Solving for 5T -
0, -B4 (B.41) 81133 c3 aﬁ_[ ey 9Py . Py 5
o1~ B,1 |PtUST 8T_I B, o7 | B, A1 (99)

Substituting equations (86), (87), (90), (91), (93), (94), (95),

and (99) into equation (84), and rewriting (84) as

WVin VoA Vop (alDA Iha a*rjA)
ma

3T BT 8T '3 8T B, OT
1 {%pp Ipp wB)
g, 3T By OT

and solving for the drift,

Vin o YNVra Vrp 1 (aVBE3 kT 9P
5T 5T 8T g )|FRe, | oT q B, 0T
R ez 9P 1 Rgy Iy 9P
PR R ~(p 1) = 7 (!t Bt e
DA 2 4 DA 2
B,B g
1F3 1
(1 , RE1 FVBEI KT [ 1 (aVBE3_ KT 3‘33)
Rya RDA T qIB1 B aT Rc1 aT qﬁ3aT
01 8‘3 El (Bt |19Vpga w1 2Py | Rpy Iy
Rpa Bchz oT APy 8T | Rpp Py(By+1)
864 R

£1 gz 9B IpadPal ] (3V3E4_1_<_1 894)
ﬁZBT R

DA ﬁzza'r By 8T [ g ]|B,Rc\ 8T “qB, 8T
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R I 05
= = el _C2 "2
(1 + RDA(ﬁ +1)> B,Py(B,+1) BT ( DB(B +1)> - 22 —

(1+RE1 )+RE1([31+1) Vpgrs kT 9P3| Icz 9By
R

- +

DB RClﬁlRDB 9T qﬁ3 9T £332 9T BZ(B4+1)
. Bl (By+1)(By+1)By Be1) | - REl I, 8B, L1

" Rpg P 2 RpB B, 23T "Ry

SVBE2 , kT ,:Ic4 %Py 1 (aVBE4 kT 354)_&2.”?
c

oT qIB2 ﬁ2548T oT qB4 oT ‘312 BT_J
I ap
DB B
-—ﬁB 3T where g, " ZﬁID (100)

Equation (100) is the complete drift-rate expression.
Although not always valid, the following assumptions help to

clarify the nature of the significant drift terms:

pl:: ﬁz >> 1
= >
[33 ﬁ4> 1

Rpa = Rpp Re1 7 Rep Re3 = Ry

If balanced currents in the differential pairs are also

assumed as in Chapter 2,

LAY oV LAY

N .. 2V7a VTR (1 %P 1 3‘3A>
5T 5T 5T DA (g Py 8T g__B, 0T




2P [T I: 1 ) 1 7], kT
TeT B ﬁ |_B DA g mb gma €ma qRCl

PR . ciles —l +8‘34 1 Icy . Rpi1/a1 .l
RpB®mb  RpalBi®mal | 2T PPy |Py U1 Rpai®mp  Ema

B.R R_..I
+1 L kT 2T E1 ,_C2c4 g 1

ma| 9Rc2|RpaCma RpB!'B28mb RpA | 8ma

\ o —
VBEI ( 1 aVBEZ) P Ien | o REI(I 1 )
oT Emb 9T ] 9T ﬁlz €ma RDA Emb Ema

9P, Ic1‘—1 Re1 ,(1 1 )

+
oT 2 I g R
Bl mb DA

E)VBE

s 4 1 1 Res (1 1 ) KT
9T Reo | 8mbP2 Bpal 8Bma  Emb A, Rppemp

s 301 , 1 +E1(1 1 )+ kT |
oT Re1 | 8mbP1 BDal€ma &mb/ 4B1RDABma

T (101)

3.2 Methods of Minimizing Drift-Rate

Equation (101) is the total drift-rate referred to the input.

The importance of matching the input transistors, TA and TB

with respect to V., temperature coefficients, B temperature

T
coefficients, and magnitude of B or B is apparent. The
recurring (1—- - 1——) term shows that drift contributed by
ma Smb

differences in B and VBE temperature coefficients is minimized
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1

o 1
Terms not containing —— - are

when g =g
mea ma Smb

mb’
functions of B'® and quiescent current level, illustrating the
effect of balanced currents in minimizing drift.

In a particular case, Tl + T.2 and T3 + T4 need not be

selected as carefully as TA + TB since contributions due to

these stages are reduced by the gain of the preceding stage(s).
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CHAPTER 1V

ANALYSIS OF RESPONSE SPEED

4.1 Uncompensated Response

The basic circuit for response time analysis is shown
in Figure 5a. Although it will be assumed that the amplifier
gain -Av, is real over the bandwidth of interest, it is useful
to examine the relative importance of the dominant poles in the
amplifier response. Referring to Figure 2, the '"corner

frequencies' associated with the drain circuits of TA and T and

B
with the collector circuits of T1 - T2 and T3 - T4 are given by
2RpaTda 2kT
wp . --DA'Taa 91
AB Cb'l ];;I‘ PEArda
Bl RDA trg,
T
B3
wpl2 = *T (102)
“b137a1,, Cl

RC3 + RL(1+[35)

wp34 =
KT
C, g ——(R~,+R)
b'5qlL, €37 L
where
alg,
Cpi1 = Cprer * Cpre1l + By T Ret)
alg3
Cpiz = Cprez ¥ Cpic3(l + By Re3)
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C C

b'5  Cples (103)

W‘ZqIE
Cpie =CTE T €4 = Crr * 3DRT

Using (103), the corner frequencies are given by

2RpATda 2kT
. . 'DA*Tda qIBl _
pAB
. W1 qIE3+C (14p alg R )|KT RpATda
1 1
TE' T2D, kT blel 1"kt ~cl|aly] Rpata,
2kT
2R
Cl qIB3
W =
12
d W3‘2 g, .
Cres 72D, *xr T Cbrcs! +‘33 KT qI
3 B3
) RC3 + RL(1+[35) Loa
oz - i (104)
(C +W—5 q_IE_ (R +R ) kT )
tEs * 2D, kT ) W3t Ay s

Since the total phase shift becomes large as frequency increases,
it is clear that there is a possibility of instability for very high
loop gain. The corner frequencies will be evaluated in Chapter 6
to check the system stability and the validity of the negative real
gain assumption. While this assumption may be valid with field-
effect transistors as input devices, it is not necessarily

justified for circuits employing electrometer vacuum tubes,
which require very large plate resistors with the resulting

relatively low corner frequency. For the purpose of later




-25-

analysis, a network, whose transfer function is B, is included
in the feedback loop. The equivalent circuit, then, is as shown

in Figure 5b. Solving for the input current,

- f
Lin ™ EinPCin * (eln-BEo)( R¢ ) (105)
where p = differential operator.
Rearranging,
pC. 1 +pC R B(l+pC_R_)
I =-E = + L, ) (106)
in o A A R R
v v F
F
If the circuit is excited by a current square wave equal
to i, _u(t), the solution of equation (101) is
in
-t
. %in
-I,_RpA RrT3 B4, * CF)
E =27 Y 11-e v (107)
°  1+BA
v
The time constant of this response is
Cin
T=Rp|T7BA, *CrF (108)

It can be seen that the time constant formed by the input
capacitance and the feedback resistance, RFCin’ is reduced by
the loop gain or feedback factor, BAV. In general, the effect of
any capacitance across the input is reduced by the loop gain. On
the other hand. RFCF’ the time constant formed by the feedback
resistor and its associated parallel capacitance is not affected,

and thus determines the minimum time constant possible with

a given RF.
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4.2 Compensated Response

With Cp. equal to at least 1 pf. and Re equal to 1012 ohms,
a minimum response time of at least one second results. This
minimum time would be prohibitively slow in many rocket
applications, so that in high-speed work, the RFCF time constant
limitation must be overcome. To this end, let the network
represented by the box '"'B' in Figure 5a be of the form shown in

Figure 5c. The transfer function of this network is

]
Bz —m—— (109)
1+ pR5Ch

If this transfer function is now substituted for B in

equation (106), and CFRF adjusted so that CBRB = CFRF’ then

the third term on the right hand side of (101) is simplyRL—.
F

pC. 1 + pC_.R
C. =-E n FF+; (110)
' v A R F
v F ]

If the response to a current step Iin u(t) is now obtained, the

result is,

-1
) -i. R_A RI(CF+Cin)(Av+l)
e = I T A 1 -e (111)

whose time constant is
RFACin+CFJ

A +1
v

(112)

T =
comp

In other words, if the above lead and lag networks are
equal, the principal time constants associated with the circuit are

decreased by the loop gain.
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In practice, a 10ll or 1012 ohm resistor has a stray
capacitance distributed all along its resistance element and can
resemble a delay line in performance. As such, it is impossible
to perfectly compensate the circuit. Although this consideration,
plus that of signal to noise ratio limits the attainable response
speed, a significant improvement may be obtained through the

method discussed above.
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CHAPTER V

CIRCUIT DESIGN

5.1 Design Considerations

The D.C. operating point of the FET input pair is chosen

at Iy = 250p ampere since this is the ''zero drift' bias point, as

defined in Appendix A, for the GME 2N3608 MOS FET. This type
is chosen for its comparative low cost, high transconductance,
and input terminal current < 10_14 ampere.

It is desirable that IBl’ the quiescent current in the

second stage pair, be very small to allow high first stage gain.

Conversely, decreasing the value of I results in lowered

Bl

second stage gain with the result that third stage temperature

effects may become important. Terms in the drift rate expression

(101) of the form (;Z are also increased with decreasing IB' A
value of 10"~ amperes is chosen as a reasonable compromise
between the drift and first and second stage gain considerations.
Although the amplifier bandwidth is also a function of this bias
point, other considerations limit upper frequency response more
severely than the transistors themselves, and this consideration

may be disregarded.

5.2 Circuit Value Design

The serviceability of the 2N 1711 (NPN) and 2N 1132 (PNP)
silicon transistors is well known, and these types are used. The
transistors maintain reasonable B values at 10_6 ampere base

currents and have values of ICO less than 10—9 amperes at 25°C.
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- The 2N3608 has an average P value of 5 x 107* amp. /volt2 or
€ = 500 micromhos at ID = 250 microamperes. The average

threshold voltage value, V is about -5 volts.

T!
The design conditions are:
-6
IBl, 2 = 10 © ampere
I = 250 x 10_6 ampere (113)
DA,B

VZ = 12 volts, Vl = -9 volts
Typical values of B for the junction transistors are,

2N1711: B=100; 2N1132: B=x=50; at IB =10-6 amperes.

From Figure 2,

L. Vo - Vsgal
DA
. 2Rg
21
DA
- Ve - Vra*p, )
IDA = = (114)
S
or
R = lZ——-M = 12 k ohms, choose 12k.
s -4
5x 10
similarly,
Vg1~ V1 - VBE!L
I = (115)
Bl 2B.R
1TE!l

To assure FET operation in the '""saturation'' region, Voo

pGa = 90T Vpa = VR i©

(since VGA 2 0) allows the largest possible value of RDA for a

should not be less than zero. Letting V 0

given V., and also allows the maximum first stage gain. With

2’
Vg = 0in (115)

R = 42 k ohms, choose 47 k.

El



-30-

Also
~ - -
VoA AV, - IgaRp, =0 (116)
Vi
R A =—— =36 k ohms, choose 33 k.
DA IDA

The quiescent value of VCI will be approximately equal
to the maximum positive value of the output voltage, Eo. The
maximum negative value of Eo will approach vV, so for

symmetrical output voltage range, let VCI = 7.5 volts.

V1=V, - PilgiRe (117)-
1oy >3,
then
RCl = l_Z_i_S___é_ = 45 k ohms, choose 47 k.
100 x 10

If the second stage gain is very small, drift contributed
by the third stage may not be negligible. On the other hand,
very high gain is unnecessary and may make the circuit more
difficult to stabilize with respect to high frequency oscillations.

Compromising, let Ay}, = 20. From equation (69),

Ry
103(133 + 2Rp,)

Ay, = 202 — (118)
C3 Cl
By
or
Ay, - 200 1 +2B,Re,
R

Cl
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and
REZ'/""/ 8.9 k ohms, choose 8.2 k.
As in (115)
_ V2" VB3 " VpEs
I = (119)
CE 3R
E2
- 235x 107° amperes.
In order that EO= 0 when EIN = 0, it is necessary that the

quiescent value of V., be equal to Vars:

Vs = Vpps&0.6 %= V41 R ., (120)
and
R, =2 +98 - 40.9 kohm, choose 39 k.
235 x 10

Ordinarily, R would be chosen with consideration for

L
the magnitude of the d.c. current drained from the output

terminal by the external load. Aside from this consideration,

RL need only be chosen such that

R 3
C3  _39x10” __
Ry >173 {35 =100 71 > 390 ohms (121)
A value of RL = 10 k gives
V., -
1 BE5 8.4 -3
IES’: R = = 0.84 x 10 ~ ampere (122)

which results in a total supply current of about 2 x 10_3 amperes,
or a total power requirement less than 40 milli watts.
Since negligible current flows into the gate terminal of

11 . 1 : :
TB from the ''zero adjust'' divider Rl’ R2 and R3, Rl and R3 may
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be made large enough to dissipate negligible power but must

still provide adequate voltage range for VGB adjustment. If R4

is small compared to RZ’

Ry
VGB max;\-“vz W
R (123)
VGB minxvl —é
Values of R1 = 120 k, R2 = 50 k, R3 = 150 k, and R4 =15k

satisfy the above requirements and give V range of about

GB
+ 1.5 to -1.5 volts, which will accommodate a large range of

threshold voltage and transconductance mismatch.

With CF’ the effective capacitance in parallel with RF’

equal to approximately 1 picofarad, RFCF:‘\:I sec. for RF = 1012

ohms. It is convenient to make the time constant of the compen-

sating network, CBRB’ variable, as RFCF is difficult to

predict exactly. Making RB variable and equal to 10 megohms,
B to take on any value up to

2 seconds.

and C_ = 0.2mifd., allows CBRB
In order to improve the stability margin, a capacitance,
Cl’ is added across the first stage drains to restrict the open-
loop frequency response. A small resistance is added to prevent
the phase shift from becoming equal to 900, and stability is
maintained for a wide range of input capacitance values.
A value of 10 mifd. for C1 provides a corner frequency

in the open loop response at about 2 cps.
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The complete circuit, with component values, is shown

in Figure 8. The collector resistor RC4 is omitted, as its

value does not materially affect gain or temperature dependence.
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CHAPTER VI

EVALUATION OF PERFORMANCE

6.1 Vol tage Gain

The open loop voltage gain may be determined from
equations (68), (69), and (70). For the transistors used, the

measured small signal parameters at IBIZ = 10_6 amperes,

IB3 =5x 10-6 amperes, and IDA =250 x 10-6 amperes are
_ B 3 _ a -4
Bl =115, BZ-IZI, [33—63, B4—51, BA-BB—SXIO )
T4a = Tab = 105 ohms. Assuming Vg and Vppg = 0. 6 volts,
From (68)

-4]1 0.6 9 1 2x8.2 0.6
—Z{ZXSXIO x +( 4E5-I +—T- +———T4.7x10 )
A S .3x10 3.9x10

VAB 1 . L | 40 ( 9 [1 L 2x8.2
100 3.3x10% 1155 gy10% LB1 47
(_1_+ Zx47)]§1/2
Ll%_z_@_ = - 13.75
o z) (124)
4.7x10
From (69)
4
|‘ : 4(4';’1‘10 + 2x8.2x10%) + o.]
e - -19.12 (125)
V12
27x19 4525
39 x 51 ’
and from (70)
_-40x9 _
Aygg =———  =- 180 (126)
2
AV total = 13.75 x 19.12 x 180 = - 47, 341.

Cal culated and measured values of gain are tabulated in
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Table 1. The errors in the gain values may be attributed to the

resistor tolerances (10 percent) and the fact that the currents
in the differential stages are not perfectly balanced, as assumed.

6.2 Temperature Dependence

It is clear from equation (101) that the total drift rate is
essentially a function of transistor matching, but it is valuable to
determine more quantitively the degree to which the total drift
depends upon matching of the input transistors, TA and TB. To

this end, a simplified expression may be developed by making

the following assumptions:

a. Third stage drift effects are negligible.
b. Second stage transistors are reasonably well
matched,

For the sake of calculation, assume that the ratios of
VBEI to VBEZ and Bl to [32, and the ratios of their respective
drift rates are equal to 0. 8,.and that the larger of each pair is

chosen for the worst possible case.

8VBE -3 0
Typical drift rates are m—— = - 2.5 x 10 v/~ C,
V.
%%= .01 B/OC for silicon junction transistors, and 5T - -1.5x10"
volts/°C 8p . .0033 ﬁ/OC for the silicon mos field effect

9T
transistors. Applying the above assumptions to equation (101)

oV,

SF2 - 1.5x107% (I-n) + 1.5x 107> (1-m) + 9 x 1076 (127
OV, /0T B, /0T

where n :__T..A____ and m :___é____
8VTB/8T SBB/E)T

if the input transistors are chosen for equal drift.

3
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The reason for biasing the fet's at the so called ''zero
drift'" operating point is now clear: Even if the transistors are

not matched, the VT and B drift terms will tend to cancel if the

Vr 88
degrees of mismatch inaT andaT are nearly equal. On the

other hand, if m = 1, the VT values must differ by less than
5 per cent for a total drift less than 100 |J.V/OC.

The total drift was measured for four pairs of input
transistors, with the first pair selected for the best match in VT
and B’ the last pair for greatest mismatch, and the remaining
two at random. These results indicate that with careful selection
of the input transistors, drift rates on the order of 20-30 p.V/OC
may be obtained. In the most critical applications, the first and
second stage pairs may be replaced with matched integrated
transistor pairs for better temperature tracking. The measured
results are listed in Table 1 and compared with typical values for
presently used electrometers. In Figure 6 input error voltage
is plotted as a function of temperature for the four F.E. T.
pairs described above.

6.3 Initial Drift

The M.O.S. input transistors, (as well as electrometer
vacuum tubes) have initial drift when supply voltage is applied
after long (hours) interruption. Typical initial drift curves are
shown in Figure 7, where it can be seen that initial effects are
negligible after about 3 hours.

6.4 Long Term Stability

The long term stability, based on 48 hour measurement
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periods initiated after initial drift effects had become small,
average about + 1 percent of full scale per week.

6.5 Response Speed

To measure the amplifier rise time for a current step in-
put, the 'injection capacitor' method described by Praglin and
Nichols(1960) was used. In this method, a triangular voltage wave-

form is applied through a small capacitance, CZ’ to the‘:'a'rriplifier

input. Solving for the amplifier response as in Chapter 4, but

including the injecting capacitor CZ’

- aR_C A
e = T 2V 1 - exp “t (128)
o C, +C,
1 +A k 2 in
N v Rl_——CF
1 +A
v
- where a is the slope of the ramp input.
The response time constant is
C2 + Cin
T = Rp|————— +Cp (129)
AV + 1

If C2 is smaller than Cin and C the error in rise time

F’
caused by the presence of C2 is entirely negligible. Using this

method, the uncompensated rise time was found to be 0.22 seconds

for RF = 1012 ohms. This implies a time constant RFCF of 0.1

seconds. To match this time constant compensating network

values of RB =2.2% 106 ohms, and CB =0.05x 10_6 farads

were selected. Varying RB confirmed that this was the most

effective value for RBC and with this compensation the rise

B’

time was decreased to 0.009 seconds.
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The poles “baAp’ “PI2 and “bwd in the amplifier gain may

now be found from equations (104). For the transistors used,

12

2N1711: CTE =50x 10 f.
1,5
Cp 1. 18 x 102 g,
1,5
w? -9
=2.3x 10" 7 sec. at25°C (130)
2D
1,5
-12
2N1132; CTE, = 60 x 10 £,
c - 35 % 10712 ¢
b'e3 x ’
w -9
°D =6x10 sec. at 250C (131)
3

Substituting these values, the circuit values calculated

in Chapter 5, and the measured parameters, into equations (103},

Cpiy = 50x10° 12 1 2.3x10°% x 40 x 1074 + 18x107 12 (1410%x40x107°
x33x10°) m2.16 x 1077 £, (132)
Cyis = 60x10712 4 6x107% x 40 x 2.35 x 10”4 4 35 x 10712
(1+50x40x5x10—6x39x103) =13.6 x 10_9 f. (133)
Cyiy = 50 x 15712 4 2 351077 x40x 8.4 x 1074
-1.27x 10710 ¢, (134)
The corner frequencies, from equations (104) are
3 3
PAB -9 3 3 sec.
2.16 x 10 "x2wx 107 x 22 x 10
94 x 102 + 10% 3 rad
w = X = 32.6x10 : (136)
P12 9 3 3 sec.
13.6 x 10 "x5x 107 x47x 10
3.4 2
_ 39x 107+ 10" x 10 _ 6 rad.
“’P34 = = 53.6x10 —ec (137)

1.27 x 10710 x 3 x 103(39x10%+10%)
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6.6 Sensitivity

The smallest measurable current value is approximately
2 x 10_14 amperes. With compensation, the noise level is
increased with the bandwidth and the sensitivity is limited to
about 5 x 10_14 amperes.

6.7 Power Supply Voltage Sensitivity

For both positive and negative supply voltages, the change
in output”‘voltage per unit change in supply voltage was measured

at 15 millivolts /volt, at V. = -9, and V, = +12. This means that

1 2

extremely well regulated supply voltages are unnecessary and
regulation of a few percent will be adequate.

6.8 Supply Voltage Range

The output voltage may be ''zeroed'' and satisfactory
performance obtained for the following ranges of supply voltage"
Negative supply voltage range: -5.5 to -13.5 volts

Positive supply voltage range: +6 to +19 volts

6.9 Allowable Input Capacitance

For feedback resistance in the range of 108 to 1012

ohms, the circuit was stable for input capacitances less than

5000 pf.
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6.10 Performance Summary
Table 1
Typical
Value
Calculated Existing
Quantity Measured Value Value Systems
Voltage Gain error
AVAB -14.1 -13.75 (2.5%)
Av12 -17.9 -19.12 (6.8%)
AV34 -176 -180 (2.3%)
A total 44,500 47, 340 103 to 10°
Temperature Drift 30—300}1V/0C
Response Speed
(Rise Time, Rf = lolzsc)
Uncompensated 0.22 sec (1.5Hz) 1Hz
Compensated 0.009 sec (37Hz) 30-50Hz
Initial Drift
After 15 min. 22mV /hr
After 1 hr. 3.6mV/hr
After 4 hrs. <lmV /hr
Long Term Stability,
After 5 hr. "warmup'" 1.5 of full scale 1-2%/wk.

per week
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Typical
Value
Calculated Existing
Quantity Measured Value Value Systems
14 10° 12 amp.

Max. Sensitivity 5x 107 “amp.

Power Supply Sensitivity 15mV /volt
Supply Voltage Range
Neg. -5.5 to 13.5
Pos. +6 to +18

Input Capacitance Allowed 0-5000 pf.
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CHAPTER VII

SUMMARY AND CONCLUSIONS

7.1 Vol tage Gain

The voltage gain expression was determined and evaluated
under limitations put on the supply voltage and the operating
point. First stage gain was maximized, and second stage gain
was chosen equal to 20 to reduce the effect of third stage drift,
while keeping the total gain at a manageable level. Third stage
gain was found to be equal to ;%,Il.; wherevlis the negative supply
voltage, if the output load (emitter) resistor is of moderate
size. While a maximum total gain of about 50, 000 resulted
from the above, if the differential stages are not perfectly
balanced, as is inevitable, the total gain will be somewhat less.
Deliberate mismatching reduced the gain to approximately 8000.
Calculated and measured values of gain compared satisfactorily
with errors, falling well within the tolerance of the components
used. Errors in the calculated stage gains AvAB’ Av12’ and AV34
were 2.5 percent, -6.8 percent, and 2.3 percent, respectively.

7.2 Temperature Drift

The total temperature drift rate voltage, referred to
the input, was determined. It was found that for balanced
currents and symmetrical resistance values, the total drift
rate was essentially a function of the matching of transistor
B's, VBE':S, and V,_.'s and their drift rates. The predominant

T

contribution to the total drift rate arises as a result of transistor
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mismatch in the first stage with respect to VT’ B, and the B
drift rates. The second and third stage contributions are of a
similar nature, but are reduced by functions dependant upon the
first stage gain, andthe product of the first and second stage
gains, respectively. As a result, while third stage contributions
are virtually negligible, and second stage effects small, fairly
care\ful first stage transistor matching is required for small
drift. With such selection, drifts on the order of 20-30 x 10_6
volts/oC are possible, using silicon enhancement mode p-channel
MOS input transistors, and modern double-diffused silicon planar

transistors in succeeding stages.

7.3 Response Speed

The response to a current step input was obtained and
showed that the effect of any input capacitance is reduéed by the
voltage gain, while the effect of any parallel capacitance
associated with the feedback resistor is undiminished by the
gain. Consequently, if no large external input capacitor is
added, the amplifier rise time is that of the feedback resistor
in parallel with its associated capacitance. With feedback
resistors greater than 1011 ohms, the response becomes
prohibitively slow. To improve the response speed, a simple
compensating network is described which decreased rise time
by a factor of about 20, for a 1012 ohm feedback resistor.
Measured rise times were 0.22 seconds without compensation,

and 0.009 seconds with compensation.
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7.4  D.C. Stability

All insulated-gate type transistors (as well as electrometer
vacuum tubes, to a lesser degree) suffer initial drift when power
is applied after long interruption. The resulting output drift
requires several hours operation before maximum sensitivity
can be approached. Typical initial drift rates are 4 millivolts /hour
after one hour, 1.5 millivolts/hour after 3 hours, and entirely
negligible after 5 hours, although the magnitude of initial drift,
like the temperature drift, is dependent upon the matching of
the input transistors.

The long term drift was found to average about + 1% of
full scale per week, after a four-hour warmup. The sensitivity of
the output voltage to changes in supply voltage was 15 millivolts/
volt for both negative and positive supplies, measured at + 12 and
- 9 volt supply voltage. This means that highly regulated supply
voltages are not necessary, and simple zener diode regulation
will be adequate in most cases.

7.5 Power Supply Requirements

Satisfactory operation may be obtained for a wide range
of supply voltages. The negative supply voltage may have any
value from -5.5 to -13.5 volt, the positive supply any value from
+6 to +18 volts. Power requirements depend upon the current
level required in the output emitter resistor to accommodate
the external load.

In general, power required will be less than 100 milliwatts

and could be as small as 25 milliwatts.
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APPENDIX A

Al Insulated - Gate Field-Effect Transistor Drain
Characteri stics

When operated in the saturation or pinch-off region,

defined by Vd >V _ - Vp where Vp is the pinch-off voltage,

g
the drain characteristics are given by
_ B 2
Ids -2 (Vg - VT)
where
B = CoxMo - onpow
2 LTox
L
and Cox = oxide capacitance per unit area.
Ho = carrier. mobility
L = channel length
w = channel width
T = oxide thickness
ox
on = oxide permitivity

Differentiating with respect to Vg’

BIds

WV, & =P VgV
or

Em ~ ZBIds

A2 Temperature Dependence of 3 and VT

The drift rates associated with the quantities 8 and Vp are

9B _  .0033B

8T °C
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and

oV
F7— = - L.5x1073 Yol
c

oT
These effects tend to oppose each other in the drain

characteristic equation, and it can be shown that for a given
device there is an operating point at which these effects cancel.
This condition occurs when

ID = 0.41P
and represents the operating point at which the gate voltage re-
quired to maintain a given value of drain current is independent

of temperature.

A.3 Insulated-Gate Transistor

Small-Signal Low Frequency Circuit Model

An approximate small-signal circuit model for the
insulated gate field-effect transistor opearated in the pinch-off
region is shown in Figure 3a. A description of the parameters is

as follows:
RG - Gate resistance; Results from a silicon oxide or

nitride layer which insulates the gate electrode from the ''channel’’.

0

The value is constant and ranges from lO1 to 1015 ohms.

CGS - Gate-to-source (or input) capacitance; comprised
mainly of the interlead and intercontact capacitances, internal
gate-to-source capacitance and the active gate-to-channel

distributed capacitance, CGC' In saturation, CGC is
. t‘
constant and equal to 2/3 A cC,,r Where A . is the effective

gate area. Typically, C = 1.5 picofarad for a unit with

GC
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B = 1500 p mhos.
CGD - Drain to gate capacitance; the value of CGD is

constant and typically .5 to 2 picofarad.

CDS - Drain to source capacitance; the total of the drain-
source interlead and intercontact capacitances, and typically
about 0.5 to.1.5 picofarad.

8 ~ Forward transfer conductance; the partial
derivative of drain current with respect to gate (to-source)
voltage. g = 2p lirain’
rq - Dynamic drain resistance; the drain resistance is

inversely proportional to drain current -and is typically equal to

40 k ohms at ID = 1 milliampere.
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